Introduction
The global nitrogen cycle is of importance for a number of key issues, such as ecology and biodiversity (e.g., Phoenix et al., 2006; Bobbink et al., 2010; Butchart et al., 2010) , eutrophication and acidification (e.g., Bouwman et al., 2002; Rodhe et al., 2002; Fisher et al., 2011) , climate changecarbon cycle interactions (e.g., Thornton et al., 2007; Reay et al., 2008; Zaehle et al. 2010) , food and energy production (Sutton et al., 2011) . Nitrogen emissions also impact human health through particulate matter and ozone formation. Clearly, nitrogen is central to many aspects of life on earth (Galloway et al., 2008; Fowler et al., 2013) . Similarly, sulfur is an essential nutrient, but excessive sulfur deposition has been linked to a decrease in tree growth as a result of soil acidification and modification to plant nutrition and soil chemistry (Savva and Berninger, 2010) . Dinitrogen (N 2 ) is the most abundant component in the atmosphere, but is chemically unreactive. More reactive atmospheric nitrogen components include oxidized NO y (= NO+ NO 2 + other minor inorganic components and organic nitrogens), the long-lived greenhouse gas nitrous oxide (N 2 O, with a lifetime of 131 ± 10 yr, Prather et al., 2012) , and reduced nitrogen NH x (= NH 3 + NH + 4 ) as well as organic nitrogen components such as amines (Kanakidou et al., 2012) and organic nitrates. Deposited SO x (= SO 2 +SO 2− 4 ) sulfur compounds originate from emissions of SO 2 , sulfate and dimethyl sulfide.
Anthropogenic emissions of NO y , NH x and SO x components are estimated to have increased by a factor of 5 to 10 since 1850 (van Aardenne et al., 2001; Lamarque et al., 2010) . Knowledge of the link between their generation by human activities and subsequent transformations and impacts requires an accurate description of large-scale emissions, atmospheric chemistry, transport and removal, all of which occur on relatively fast timescales (up to a few weeks) compared to nitrogen in the other compartments of relevance to the earth system: terrestrial, coastal zones and open ocean.
Global atmospheric chemistry-transport models are routinely used as a tool to calculate the global dispersion of NO y , NH x and SO x . Since individual models are prone to specific errors and multi-model means typically outperform individual models (e.g., Reichler and Kim, 2008; Shindell et al., 2013) , it has become common to use model ensemble calculations to improve the quality of the calculations. Previous deposition ensemble studies include Lamarque et al. (2005) using 6 models and focusing on NO y deposition, Dentener et al. (2006) using 23 models and discussing NO y , NH x and SO x deposition under current and 2 future scenarios, and Sanderson et al. (2008) using 15 models and focusing on export of NO y and subsequent deposition.
The present study uses deposition fields generated by 11 models that participated in the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP; Lamarque et al., 2013) . ACCMIP was designed to inform aspects of the forthcoming Intergovernmental Panel on Climate Change Fifth Assessment Report regarding the role of longterm changes in atmospheric chemistry on climate and vice versa. In this ACCMIP study simulations were provided for time slices representative of the period around 1850 , 1980 , 2000 , 2030 and 2100 , where the future atmospheric chemistry-climate conditions follow the 4 Representative Concentration Pathways (RCPs, Moss et al., 2010) . Because of the importance of sulfur deposition (in association with nitrogen deposition) for the understanding of soil and water acidification (Fisher et al., 2011) , we have included an analysis of sulfur deposition to the more traditional nitrogen deposition analysis. The models used in this analysis represent a combination of the current generation of chemistrytransport models and chemistry-climate models, with somewhat refined horizontal (ranging from 1.875 × 2.5 degrees to 5 × 5 degrees) and vertical resolution (from 19 to 72 levels) and more detailed descriptions of chemical processes compared to previous studies (namely the results discussed in Dentener et al., 2006; Sanderson et al., 2008) . Rather than representing specific meteorological years -as in these previous studies -each model meteorology (generated by climate models) is representative in a climatic sense of the decade under consideration (e.g., 1850-1859; or 2000-2009) and hence includes the effect of climate change. This paper is structured as follows. Section 2 gives a short description of the models and the ACCMIP experiments. We also define there the methodology for computing the multimodel mean (MMM). Section 3 describes the measurement datasets used in this paper, from surface sites and from ice cores. In Sect. 4, we evaluate the multi-model mean for the 7999 2000 period -when extensive measured deposition datasets are available, and which also allows us to make a retrospective analysis of the quality of data in this model dataset compared to the earlier and widely used Photocomp and HTAP (Sanderson et al., 2008; Vet et al., 2013) deposition datasets. In Sect. 5, a more limited analysis is given for the changes in deposition (and its drivers) since the 1980s. In Sect. 6, using ice cores, we evaluate the simulated change between decades centered around 1850 and 2000. The 1980-2000 period is of particular interest since, due to implementation of national and international emission control measures, strong emission reductions have been reported, especially over North America and Europe, with commensurate consequences for deposition. Section 7 describes the overall global structure of total deposition (dry and wet) from 1850 to 2100. A discussion and conclusions follow in Sect. 8.
ACCMIP simulations and multi-model mean
An overview of the Atmospheric Chemistry and Climate Model Intercomparison Project simulations and participating models is given in Lamarque et al. (2013) . Consequently, we focus here on the aspects relevant to the analysis of nitrogen and sulfate deposition.
ACCMIP provides an analysis of the role of atmospheric chemistry changes in the near-term (up to 2100) climate forcing included in the CMIP5 (Climate Model Intercomparison Project Phase 5; Taylor et al., 2012) simulations, including the chemical composition changes associated with the CMIP5 prescribed forcings. The ACCMIP simulations used in the present study (Table 1) consist of time slice experiments (for specific periods spanning 1850 to 2100 with a minimum increment of 10 yr) with chemistry diagnostics. Each requested simulation is labeled as primary ("P") or optional ("O"). Although simulations using the Representative Concentration Pathway 6.0 (RCP6.0, Masui et al., 2011) emissions were performed, not enough groups provided the necessary fields for a meaningful analysis of nitrogen and sulfur depositions; therefore, this work focuses on the remaining three RCP projections RCP2.6, RCP4.5 and RCP8.5 (see van Vuuren et al., 2011, and references therein) . A primary output of these simulations was nitrogen and sulfate (dry and wet) deposition fields (see Table S1 in Lamarque et al., 2013) . Although the ACCMIP models were required to specify the anthropogenic and biomass burning emissions according to Lamarque et al. (2010) for 1850-2000 and the RCP emissions beyond 2000, there is a range of emissions that were used in ACCMIP models, mostly from variations in the treatment of natural emissions Young et al., 2013) .
As a first step in the quality control of the model calculated depositions, we analyze for each model the balance between emission and deposition as reported by the mod- In the case of sulfur, this balance cannot be fully evaluated due to the lack of diagnostics on the formation of sulfate aerosols from the emitted dimethylsulfide (DMS). Boucher et al. (2003) estimated the yield (DMS to sulfate aerosols) to be 87 % when both gas-phase and aqueous-phase reactions are taken into account, but this number will be somewhat model dependent. Within that limitation, we assume that balance between sulfur deposition and emission is achieved for the listed models. The focus of this paper is on documenting the multi-model mean (MMM) generated for each time slice. The MMM is constructed by linearly interpolating the model-generated monthly fields (for example wet deposition combined for all NO y species) at their native horizontal resolution (Table S1 ) to a common 0.5 • × 0.5 • grid (finer than any model grid), identical to the emission grid used in Lamarque et al. (2010) . Then, each field is averaged across models at the original monthly temporal resolution to generate its multi-model mean and standard deviation (Tables S2-S4). As indicated in these tables, the largest number of models (up to 10) that generated the necessary fields was for the historical NO y deposition (Table S5) , followed by the RCP8.5 simulations. The number of models performing ammonium chemistry and deposition is however much smaller (2-5 models, depending on the simulated time period) while between 2 and 7 models have provided sulfate fields. In all cases, the MMM is constructed using all available model results (Table S5) , therefore leading to variations between the various models used in the average.
Description of observational deposition data
Under the auspices of the World Meteorological Organization (WMO), a precipitation chemistry expert group has performed a critical analysis of available wet deposition data for the years 2000 to 2002. While dry deposition may be available at specific sites, this is not a directly observed quantity, and we therefore do not use this information. We use the WMO-processed wet deposition dataset in our analysis of the performance of the MMM in the 2000 time slice.
In this dataset, a careful analysis of worldwide reported data of wet precipitation chemistry was made, and data quality qualifiers are provided to deposition data obtained mainly from networks in Europe (European Monitoring and Evaluation Programme, EMEP; http://www.nilu. no/projects/ccc/emepdata.html); the United States (National Atmospheric Deposition Program, NADP; http://nadp.sws. uiuc.edu/NTN/ntnData.aspx); Canada (Canadian Air and Precipitation Monitoring Network, CAPMoN; http://www. ec.gc.ca/rs-mn/default.asp?lang=En&n=752CE271-1); Asia (mainly from the Acid Deposition Monitoring Network in East Asia EANET; http://www.eanet.cc), and Africa (Deposition of Biogeochemically Important Trace Species (DEB-ITS), http://debits.sedoo.fr). The evaluated wet deposition datasets, soon to be available through the World Data Centre for Precipitation Chemistry, only contain a subset of the available stations for that period, i.e., stations that correspond to regionally representative sites that fulfilled specific quality measures. In this paper, we use the wet deposition measurements of nitrate (NO and DMS emissions. Note that the deposition total should be smaller than the emission total since the formation of sulfate from the oxidation of DMS has a yield smaller than 1; this was estimated to be 87 % in Boucher et al. (2003) when both gas-phase and aqueous-phase reactions are taken into account. All numbers are rounded to the nearest integer. or "conditional" based on a quality assurance review that included expert assessments of measurement methods (wetonly versus bulk sampling, availability of precipitation gauge data, short sample collection periods) and data completeness statistics (annual percent coverage length of precipitation measurements, annual percent of total precipitation measured, and number of years included in the 3 yr average) as specified in the World Meteorological Organization Global Atmosphere Watch Manual for the GAW Precipitation Chemistry Programme (WMO/GAW, 2004). All data are representative of regional, non-urban, non-suburban, non-industrial sites of the aforementioned networks, many of which are located in remote regions of the world. For more detailed information on data networks, data selection criteria, and an application to the HTAP Phase 1 deposition dataset, we refer to Vet et al. (2013) , as well as the data networks indicated above. We will focus our present analysis on the NADP, EMEP and EANET observations. This choice was made for consistency with previous analysis (e.g., Dentener et al., 2006) but also for the higher degree of coverage over those regions. Over Europe (EMEP) and the United States (NADP), deposition measurement sites typically started around the 1980s. We use these early measurements to evaluate the change in deposition over these two decades. To this purpose, we computed from the raw data (available at the aforementioned websites), and using the filtering protocols defined by the specific networks, two sets of 6 yr averages (1980-1985 and 1997-2002 data) for sites that had sufficient observations for both time slices.
Although a quality control similar to the WMO evaluation was not available for the 1980s data, comparison of the WMO processed 2000-2002 data with our 1997-2002 data indicate very good agreement over the respective regions (not shown), validating the suitability of our processed dataset to study changes in deposition from the 1980s to the 2000s.
Historical records of nitrate, ammonium, and sulfur were also developed from high depth resolution measurements in ice cores (see Table S6 for their geographical information) using an established continuous ice core analytical system (e.g., McConnell and Edwards, 2008) . Nitrate and ammonium were measured using spectrophotometry and fluorimetry, respectively, with standard flow-through methods (Roethlisberger et al., 2000) . Total sulfur concentrations were measured using magnetic sector inductively coupled plasma mass spectrometry (McConnell and Edwards, 2008) . At core sites with sufficient annual snowfall, the ice core records were dated using annual layer counting of a range of seasonally varying chemical species (Sigl et al., 2013) . Synchronization to well-known volcanic layers was used for dating at core sites with very low snowfall (e.g., East Antarctica) where annual layers are not preserved (Anschütz et al., 2011) or at lower elevation sites (e.g., Akademii Nauk, McCall Glacier, Flade Isblink) where surface melting and percolation make annual layer identification difficult (Opel et al., 2009) . Uncertainty (1σ ) in the dating is estimated at ±1 yr for the annually dated sites and ±3 yr for all other sites. Decadal averages centered on 1855 and 2000 were computed from the high-resolution measurements.
Evaluation of ACCMIP year 2000 time slice deposition
While observation and model data are available at the monthly time resolution, we focus our analysis on the annual mean. This choice is made to limit the discussion to the long-term changes in nitrogen and sulfate deposition. In addition to the present intercomparison project, MMM results from two previous studies are available for comparison and analysis of potential improvements: PhotoComp and HTAP (Sanderson et al., 2008 ; Vet et al., 2013). These previous studies are partially independent of the present one, with different emissions and a different set of models or different versions of the same models. Using the WMO dataset and the model results interpolated to the location of the observing stations, we can statistically analyze the ability of the models to reproduce the observations. We display in Fig. 1 the global and regional distributions of NO − 3 (Fig. 1a) , NH + 4 (Fig. 1b) and SO 2− 4 ( Fig. 1c) wet deposition in the MMM compared to the WMO dataset. Deposition is clearly strongly correlated with emissions (i.e., largest in the Northern Hemisphere, but also with larger amounts in areas of biomass burning and large soil emissions such as Central Africa), albeit with significant downwind propagation for each compound. Unlike the nitrogen sources, sulfur emissions from degassing volcanoes (Andres and Kasgnoc, 1998) lead to the formation of deposition hotspots in areas with low anthropogenic emission levels such as Central America.
In the case of NO − 3 deposition, we find that all 3 experiments (ACCMIP, HTAP and PhotoComp) perform rather similarly ( Fig. 2a and Table 5 ), with correlation coefficients between 0.8 and 0.9 over North America and mean biases ranging from 10 to 20 %. However, none of those model simulations are able to capture the observed high deposition rates over East Asia or Europe, possibly due to the proximity of the observing stations to significant sources, features that cannot easily be captured with the coarse grid of presently used models . In contrast, in the high emission region of the Northeastern United States, there are regions of overestimation as well as underestimation.
In the case of NH + 4 , the ACCMIP results are slightly lower than the previous studies over both the North American NADP and European EMEP domains, and therefore have a larger negative bias (−8 % instead of 3-6 %). Because of errors in the regridding of the NH 3 agricultural emissions over China in AC-CMIP (see http://www.iiasa.ac.at/web-apps/tnt/RcpDb/dsd? Action=htmlpage&page=download), the performance in ACCMIP (Fig. 2b and Table 5 ) is considerably worse than the previous studies over Asia, with a correlation coefficient of 0.2 instead of 0.8 for the PhotoComp and HTAP and a significant underestimate (by approximately 30 to 50 %, see Fig. 2b ) for the highest deposition rates over East Asia. Furthermore, because the mapping error involves both China and Mongolia, there is an overestimation of nitrogen deposition from NH x in that region. However, no stations are available to provide an estimate of the bias.
The sulfate (SO 2− 4 ) deposition ( Fig. 2c and Table 5 ) is somewhat improved in ACCMIP over the NADP stations (with a mean bias of −6 % instead of 15 %), while the positive bias previously found in the HTAP dataset (12 %) over the EMEP domain is now reversed, so that the ACCMIP models are actually underestimating wet deposition over that region (−30 %). The deposition over EANET is characterized by a larger negative bias in ACCMIP than PhotoComp or HTAP (−42 % instead of −25 to −32 %), although the overall correlation remains high (0.8-0.9).
Overall, the performance of the ACCMIP MMM is similar to PhotoComp and HTAP, suggesting that no significant improvement or worsening has been made since those 2 studies in the representation of emissions, chemical processing and deposition processes. The analysis also shows that ammonium deposition over East Asia is most likely underestimated. On the other hand, for all considered species, the ACCMIP MMM deposition tends to be lower than observed over the EMEP stations.
Evaluation of deposition changes: 1980-2000
To identify potential changes in deposition over time, we use the 1980 and 2000 time slice experiments. Unfortunately, neither HTAP nor PhotoComp provide historical time slices and therefore such changes cannot be discussed within that context. Over that period, Europe and North America have seen significant changes in nitrogen and sulfur emissions, from a combination of changes in anthropogenic activities and air quality regulations (Granier et al., 2011; Xing et al., 2012) .
To limit issues associated with interannual variability (not captured by the ACCMIP model simulations) and uneven time sampling from the observed wet deposition rates, we only select stations with at least 36 months of available data for each 6 yr averaging period (see Sect. 3).
Over the United States, the NADP measured nitrate deposition change between 1980 and 2000 consists mostly of reductions (by 50-100 mg(N) m −2 yr −1 , approximately 10-20 %), especially in the eastern portion of the United States (Fig. 3, top row) . However, the MMM shows only a minor change over both the eastern and western United States. Indeed, all models except GISS (Table 6 ) indicate a relative increase in nitrate deposition averaged over the United States. Table 5 ).
This simulated increase in wet deposition is a combination of minor increases in NO x emissions (Fig. S1a) and in precipitation amounts (Table 6 ). Based on the CPC Merged Analysis of Precipitation (CMAP; Xie and Arkin, 1997), there is however indication of a small observed decrease in precipitation between 1980 and 2000 over the United States (Fig. S2) , while the MMM has limited inter-model agreement and actually shows a slight increase in precipitation when averaged over the whole United States (Table 6 ). It must however be recognized that the changes over the United States are relatively small and may therefore be strongly affected by interannual variability. Over the EMEP network, many sites indicate a very strong reduction consistent with emission change (Fig. S1a) , with the exception of former Yugoslavia and the southern tip of Norway. The MMM captures well the strong reduction, with however a smaller amplitude than is observed at most locations. In this case (Table 6 ), all models agree on the change in emissions (−12 % for the mean) and all but MOCAGE show an increase in precipitation (1.6 % for the mean), the combination of both leading to an overall decrease in deposition (−9 % for the mean).
Measured ammonium deposition (Fig. 3 , middle row) changes over the NADP network show a mixture of increases and decreases, with again the largest decreases over the Northeastern United States. Similar to nitrate deposition, the MMM is much more uniform than observed and only shows a small decrease in the Midwestern United States. This is due to the fact that the anthropogenic emissions of NH 3 are almost identical between 1980 and 2000 (see Fig. S1b ). This lack of change in emissions between 1980 and 2000 is possibly erroneous (either in the national total or in its regional distribution), but more analysis is beyond the scope of this paper. Over Europe, the EMEP station data indicate an overall strong decrease, with the exception of sites in France, Italy and Norway. The MMM indicates an overall small decrease over Western Europe and a decrease over Eastern Europe, Table 5 ).
consistent with the significant emission change (Fig. S1b) . Local factors, not included in the models, play a role in these differences.
Over the United States, except for a dozen sites scattered over the NADP network, observed sulfate deposition east of 100 • W (Fig. 3, bottom row) is characterized by large reductions driven by emission change (Fig. S1c) . The MMM is, however, underestimating the amplitude of the changes, especially for the largest changes. Over the EMEP network, the MMM captures well the general deposition decrease, including its largest change over Germany (with values larger than 500 mg(S) m −2 yr −1 ), clearly driven by the emission change (Fig. S1c) .
Overall, the analysis of changes between 1980 and 2000 shows limited agreement between MMM and observations over the United States. In particular, the observed changes over the NADP network indicate much higher variability and amplitude than is simulated, driven by fairly small changes in emissions. Also, this analysis highlights the potential misrepresentation of the NH 3 emission change over the United States between 1980 and 2000. While the deposition change over Europe from the MMM is not as large as observed, the overall patterns of change are better represented, except for NH x deposition over Western Europe. This suggests that NO x (and to a lesser extent SO x and NH x ) emissions changes may be better captured over Europe in the historical emission dataset used in ACCMIP , since emission change is the main driver for deposition change. However, further analysis is required for a complete understanding of the applicability of deposition data to constrain emission inventories.
Evaluation of deposition changes: 1850-2000
In addition to recent surface measurements, we use ice core records of deposition over the Northern Hemisphere and Table 5 ). Antarctica to study the ability of models to represent changes since 1850. To limit the importance of interannual variability in the ice core record, we use the average values for 1850-1860 and 1995-2005 to compare against the 1850 and 2000 time slices, respectively. As a basic test of the applicability of the MMM to the polar regions, we show in Fig. S3 a comparison of year 2000 precipitation against the gauge-based climatology of Yang et al. (2005) . We find that the MMM provides a regional distribution of precipitation consistent with the observations (including the annual amount) throughout the Arctic circle poleward of 60 • N, with the caveat that no rain gauges are available over central Greenland. Additional analysis of precipitation over the Arctic is provided in Lee et al. (2013) . No equivalent data are available for Antarctica. We find that there is a strong agreement between the 1850 observed and simulated nitrate depositions (Fig. 4a) , both in regional structure and intensity. Nitrate deposition in 2000 is however overestimated at all Northern Hemisphere sites but one. In contrast, the year 2000 simulated deposition over Antarctica, which is much less affected by changes in anthropogenic NO x emissions but still shows an overall increase in nitrate deposition, is in good agreement with the observations.
Ammonium deposition (Fig. 4b) is strongly overestimated at the Greenland sites in both 1850 and 2000 time slices (and so is the change 2000 minus 1850; not shown). Wolff et al. (2013) argue that it is actually difficult to derive a change of measured NH + 4 deposition over Greenland, due to the large dependency on the highly variable contribution of biomass burning to NH + 4 deposition. However, the other two sites in the Northern Hemisphere (McCall, Alaska, and Akademii Nauk, Siberia; see Table S6 for their exact locations) are well captured. This is true for the 2000 time slice as well, where the McCall glacier shows a decrease since 1850, possibly associated with a change in biomass burning emissions over North America. Over Antarctica, ammonium deposition rates over the eastern portion of the ice sheet are well represented, while they are somewhat overestimated in the western sector. This is the case for both 1850 and 2000. seem to be larger than observed, albeit the levels of deposition are small compared to those observed in the Northern Hemisphere.
Sulfate deposition in 1850 (Fig. 4c) is represented quite well at the Northern Hemisphere except for McCall, Alaska, and central Greenland (Tunu glacier). Over Antarctica, the deposition tends to be slightly lower than observed, but with an accurate representation of the east-west gradient. Sulfate deposition in 2000 is overestimated at all ice core sites of the Northern Hemisphere. Sulfate deposition over Antarctica has a well-defined east-west separation, well captured by the model. There is little variation between 1850 and 2000 since the sulfate production there is primarily driven by DMS oxidation. In many models used in ACCMIP, the DMS source does not vary with time, although Cameron- Smith et al. (2011) suggest it should, and changes in DMS emissions could represent an important feedback in the climate system (Charlson et al., 1987) .
Overall, the ice core comparison of the MMM indicates a reasonable representation of the preindustrial (1850) conditions but tends to overestimate the present-day (2000) conditions. Similar conclusions are found for 1980 (not shown), indicating that biases in the year 2000 deposition fields are not related to recent transient features.
Total nitrogen and sulfate deposition 1850-2100
In this section, we document the MMM global and regional distributions of total deposition (wet + dry) of NO y , NH x and SO x , and their changes from 1850 to 2100 under the RCP2.6, 4.5 and 8.5 projection scenarios (Fig. 5, Fig. S5 and Tables S2-S4; note that these tables also include regional emission totals).
The historical increase of NO y deposition (Fig. 5a ) since 1850 took place mostly in the Northern Hemisphere. It is characterized by deposition rates larger than 100 mg(N) m −2 yr −1 over most of the continental areas, the North Atlantic and the outflow oceanic areas of Eastern Asia, the Indian subcontinent and Central Africa. By 2030, the projections over the United States and Europe are quite similar for RCP2.6 and RCP4.5, while RCP8.5 shows a smaller reduction from the 2000 levels. In Eastern Asia, deposition of NO y is showing levels above 2000, with the largest increase seen in RCP8.5. However, over the Indian subcontinent the largest deposition increases were found in RCP4.5. Only small changes occur in the Southern Hemisphere. By 2100, most of the continental areas, except for India, are projected to return to pre-1980 levels of deposition. Another exception is the larger deposition over the northern Pacific Ocean in RCP8.5, consistent with increased NO x emissions from shipping. Since the MMM NO y deposition is computed from the largest number of models, it is reasonable to document inter-model variability for that diagnostic (Fig. S6) . We find that over most continental areas and for most time slices, the inter-model standard deviation is in the 10-20 % range, with Central Asia and South America being somewhat larger (20-30 %). The higher standard deviation over South America stems from variations in soil emissions, while the variability over Central Asia is mostly related to precipitation differences (not shown).
While the increases in nitrogen deposition from ammonia emissions between 1850 and 2000 affect the various regions similarly to the impact of NO x emissions (Fig. 5b) , the RCP projections for NH 3 emissions are indicative of a very different trajectory with continuous increases over most regions, with the exception of the oceans south of 30 • S. These deposition changes are mainly driven by the projected increases in inorganic fertilizer use needed to provide more and higher quality food for a growing worldwide population, with no policies in places to abate the emissions. Simulated sulfate deposition grew and was more widespread in Europe than North America in 1980, but was similar in both regions by 2000. The only significant increase between 1980 and 2000 is over China, associated with its increasing use of coal for power generation . The projected changes over these regions indicate a gradual phaseout of anthropogenic SO 2 emissions by 2100, including over China. Even by 2030, emissions over China are projected to be no larger than in 2000, a trend that might be reflected in the most recent estimates over China Klimont et al., 2013) . Similar to NO y deposition, only the Indian subcontinent is projected in RCP8.5 to have sulfate deposition levels higher in 2100 than in 1980. Sulfate deposition over the oceans is also considerably reduced in the RCP scenarios, but depends on the specific scenario's projection of shipping emissions.
The combination of deposition fluxes as 2 · SO x + NO y − NH x provides an indication of the degree of additional acidity (Keene et al., 1983) contained in the deposited fluxes from the emissions of the precursor compounds (Fig. 6) . In particular, it shows that over the 21st century continental areas over the Northern Hemisphere will have a tendency towards more basic deposition with the increase of NH 3 emissions. This analysis also clearly shows the spurious NH 3 emissions over Mongolia (as discussed in Sect. 4).
Following the discussion of averaged deposition rates over various regions in Lamarque et al. (2011, see their Tables 5 and 6 ; note that the NCAR-CAM3.5 results used in the present ACCMIP analysis are equivalent to results in this previous analysis), we present the same diagnostics here (in the same units), with the exception of RCP6.0 (Tables 7 and 8) . Overall, the total (from NO y and NH x combined, since both affect vegetation in the same fashion) nitrogen deposition is expected to increase between 2000 and 2100 over many regions, especially in the case of RCP8.5. Only Western Europe and North America are projected to see a reduction in Lamarque et al. (2011) in a single model study using the same emission fields applied in the present study.
Discussion and conclusions
We have presented in this paper the multi-model mean annual deposition fields of nitrogen and sulfate as simulated in the Atmospheric Chemistry and Climate Model Intercomparison Project . We have made considerable use of network-based wet deposition datasets (including a new dataset based on expert analysis of the deposition data; Vet et al., 2013) and found that the ACCMIP multi-model mean performs similarly (in terms of mean bias and correlation coefficient for the annual mean) to previous multi-model analyses Sanderson et al., 2008) , with the notable exception of ammonium deposition over Asia, which is considerably worse in ACCMIP due to a regridding error in the underlying emissions over the China-Mongolia region . Numerical experiments such as described in the present paper highlight regions of deposition where routine measurements are unavailable. For example, few measurements are available in South America or Africa where the projected RCP changes between 2000 and 2100 are significant increases, according the RCP projections used here. On the other hand, it is clear that the expansion of measurement capabilities highlight the necessity for a better and higher resolution representation of emissions. Finally, the analysis presented here shows that there is strong potential in using nitrogen and sulfate deposition observational data to identify gaps in our understanding of (and possibly constrain) the change in respective precursor emissions. Expansion of the WMO wet deposition assessment to earlier periods and more ice cores (especially in the vicinity of polluted areas, such as the Alps or Himalayas) can provide a window on nitrogen and sulfate emission changes, possibly helping us to understand the inability of current models to reproduce the observed long-term trends in Northern Hemisphere surface ozone . The National Center for Atmospheric Research is operated by the University Corporation for Atmospheric Research under sponsorship of the National Science Foundation. CMAP precipitation data are provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their website at http://www.esrl.noaa.gov/psd/. We thank Robert Vet and his precipitation chemistry assessment team for making the WMO deposition dataset available prior to publication.We acknowledge the substantial efforts of the field and logistics personnel involved in collecting the ice cores including those from WAIS Divide, the Norwegian-United States Scientific Traverse of East Antarctica, and NEEM. We also thank Dan Pasteris and the other students and staff of the DRI ultra-trace ice core chemistry laboratory for help in analyzing the ice cores and the Office of Polar Programs at the National Science Foundation for supporting collection and analysis of the cores.
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